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SUMMARY 

A s e r i e s  of constant s t r a i n  range t e s t s  was made f o r  a wide v a r i e t y  of mate- 
r ia ls  producing f a t i g u e  l i v e s  varying from a few cycles t o  about one mil l ion cy- 
c les .  The specimens were subjected t o  axial, compression-tension, low-frequency 
fa t igue  about a zero mean s t r a i n .  Load range w a s  measured per iodica l ly  through- 
out each t e s t ,  enabling an analysis  of fa t igue  r e s u l t s  i n  terms of e l a s t i c ,  plas- 
t i c ,  and t o t a l  s t r a i n s .  
AISI 4340 (annealed and hard) ,  AISI 52100, AISI 304 ELC (annealed and hard) ,  
AIS1 310 (annealed), AM 350 (annealed and hard) ,  Inconel X, t i tanium (6Al-4V), 
2014-T6, 5456-H311, and U.00 aluminum, and beryllium. 

Materials t e s t e d  were AISI 4130 ( s o f t  and hard) ,  

During s t r a i n  cycling, load range generally changes during the  very ear ly  
par t  of t h e  t e s t  and then s e t t l e s  down t o  a f a i r l y  constant value f o r  most of the  
fa t igue  l i f e .  Cyclic s t r a i n  hardening or  softening causes t h e  observed load 
change and produces cyc l ic  s t r e s s - s t r a i n  r e l a t i o n s  t h a t  o f ten  d i f f e r  substan- 
t i a l l y  from t h e  v i rg in  t e n s i l e  flow curve. 
of t h e  t e s t  mater ia ls .  

These comparisons a r e  made f o r  each 

Fat igue-l i fe  r e l a t i o n s  between elastic, p l a s t i c ,  and t o t a l  s t r a i n  components 
were established. For metal lurgical ly  s tab le  mater ia ls ,  s t r a i g h t - l i n e  f i t s  of 
the  logarithmic e l a s t i c  s t r a i n - l i f e  and p l a s t i c  s t r a i n - l i f e  data  produce a r e l a -  
t i o n  t h a t  agrees well  with the  t o t a l  s t r a i n - l i f e  data. The s t r a i n - l i f e  data a r e  
a l so  used t o  explain changes i n  s u s c e p t i b i l i t y  t o  s t r e s s  concentrations over a 
la rge  l i f e  span and t o  r a t e  cor rec t ly  t h e  r e l a t i v e  notch s e n s i t i v i t i e s  of t h e  
four t e s t  mater ia ls  t h a t  experienced nontest-section f a i l u r e s  i n  comparison with 
t h e  other mater ia ls .  

Relative performance of t h e  t e s t  mater ia ls  i s  i l l u s t r a t e d  on the  bas i s  of 
both s t r a i n  range and s t r e s s  range over a l i f e  span ranging from a few cycles t o  
about one mil l ion cycles.  



INTRODUCTION 

I n  recent  years  t he re  has been an appreciable e f fo r t  t o  incorporate low- 
cycle f a t igue  da ta  obtained at various labora tor ies  i n t o  f a t i g u e  design proce- 
dures. Manson ( r e f .  1) and Coffin ( r e f .  2)  independently suggested t h a t  low- 
cycle f a t igue  l i f e  f o r  a spec i f i c  mater ia l  i s  d i r e c t l y  proport ional  t o  a power of 
t h e  cyc l ic  p l a s t i c  s t r a i n  (a  s t r a i g h t  l i n e  on a 
against  cycles t o  f a i l u r e ) .  
c r i t e r i o n  t o  design a f t e r  extensive t e s t i n g  of type 347 s t a i n l e s s  s t e e l  i n  both 
constrained thermal cycl ing and constant-temperature s t r a i n  cycling. 
experimental da ta  were developed at four  labora tor ies  t o  e s t a b l i s h  parameters 
governing pressure-vessel design with respect  t o  t h e  p l a s t i c  f a t igue  charac te r i s -  
t i c s  of t h e  ma te r i a l  ( r e f .  4 ) .  I n  t h i s  ana lys i s  use w a s  made of t o t a l  ( e l a s t i c  
plus  p l a s t i c )  s t r a i n  range t e s t  data.  Manson ( r e f .  5 )  has r e l a t e d  f a t igue  l i f e  
t o  the  e l a s t i c  as wel l  as the  p l a s t i c  s t r a i n  range components of t he  t o t a l  me-  
chanical s t r a i n  range, thereby producing one r e l a t i o n  su i t ab le  f o r  cyc l i c  l i v e s  
of approximately 10 t o  lo6 cycles.  It has a l s o  been pointed out ( r e f .  6 )  t h a t  i n  
e l a s t i c - p l a s t i c  s t r e s s  ana lys i s  of f a t igue  problems the re  i s  a d e f i n i t e  need f o r  
knowledge of t h e  r e l a t i o n  between s t r e s s  range (o r  amplitude) and s t r a i n  range 
( o r  amplitude) during s t r a i n  cycling. 
sc r ibed  a pressure-vessel  design procedure using a s t r e s s  amplitude-life equation 
based on two f a c t o r s :  an empirical  r e l a t i o n  between p l a s t i c  s t r a i n  and t e n s i l e  
d u c t i l i t y ,  and the  endurance l i m i t .  

log-log p l o t  of p l a s t i c  s t r a i n  
Coffin ( r e f .  3) discussed the  appl ica t ion  of t h i s  

Correlated 

Most recent ly ,  Langer ( r e f .  7 )  has de- 

I n  order t o  evaluate  present design procedures, t o  develop new methods i f  
necessary, and t o  increase t h e  understanding of t he  s t r e s s - s t r a i n  - l i f e  r e l a -  
t i o n s  during f a t igue ,  it w a s  believed des i rab le  t o  obtain de ta i led  fa t igue  t e s t  
da t a  f o r  a wide v a r i e t y  of d a c t i l e  mater ia l s  using axial, compression-tension, 
low-frequency f a t i g u e  machines i n  which both load and deformation were measured 
per iodica l ly  throughout t h e  t e s t .  The f i r s t  phase of' such a program, reported 
herein,  provides t h e  bas ic  information obtained from room-temperature constant 
diametral  s t r a i n  range t e s t s  with zero mean s t r a i n .  
information w a s  obtained : 

The following desired t e s t  

(1) Behavior of load range during cycl ing at constant s t r a i n  amplitude 

( 2 )  Fatigue behavior f o r  span of f a t igue  l i f e  ranging from a few cycles t o  
about one mi l l ion  cycles 

( 3 )  Data f o r  a se l ec t ion  of mater ia l s  i n  which the re  i s  a wide va r i a t ion  of 
chemical and meta l lurg ica l  composition 

( 4 )  Data f o r  a se lec t ion  of mater ia l s  i n  which the re  i s  a wide va r i a t ion  i n  
e l a s t i c  and mechanical proper t ies  ( e l a s t i c  modulus, y i e ld  s t rength,  u l -  
t imate  s t rength ,  and d u c t i l i t y )  

Such information i s  then used t o  

(1) Determine t h e  cyc l ic  s t r e s s - s t r a i n  r e l a t i o n s  necessary t o  the  s t r e s s  
analyst  f o r  f a t igue  ana lys i s  

2 



( 2 )  Determine t h e  e l a s t i c  s t r a i n  (or s t r e s s ) ,  the  p l a s t i c  s t r a i n ,  and t h e  
t o t a l  s t r a i n  range as a funct ion of fa t igue  l i f e  

(3)  Compare r e l a t i v e  performance of mater ia ls  on a bas i s  of s t r a i n  range and 
s t r e s s  range 

(4 )  I l l u s t r a t e  t h e  use of s t r a i n - l i f e  r e l a t ions  t o  ind ica te  r e l a t i v e  notch 
s e n s i t i v i t y  of t h e  mater ia ls  

MATERIALS, APPAFUTUS, AND PROCEDURE 

Materials Tested 

The nominal chemical composition, processing condition, and hardness of each 
t e s t  mater ia l  a r e  tabula ted  i n  t a b l e  I. The t e s t  mater ia ls  were th ree  f e r r i t i c  
a l l o y  s t e e l s :  AISI 4130, AISI 4340, and AISI 52100; th ree  aus t en i t i c  heat-  
r e s i s t i n g  s t e e l s :  AISI 304 ( e x t r a  low carbon), AISI 310, and AM 350; one heat-  
r e s i s t i n g  nickel-base a l loy :  Inconel X; th ree  types of aluminum: 2014-T6, 
5456-H311, and 1100; a 6Al-4V t i tanium alloy; and s t r u c t u r a l  grade gMv beryl-  
l i u m .  The s t e e l s  AISI 4130, 4340, and 304 ELC, and AM 350 were t e s t e d  i n  both 
s o f t  and hard conditions. 
were measured a t  room temperature. 

Mechanical propert ies  f o r  these  mater ia l s  ( t ab le  11) 

Specimen Configuration 

The f a t igue  t e s t  specimens ( f i g s .  l ( a )  and ( b ) )  were bars ,  c i r cu la r  i n  cross  
sect ion having an hourglass-shaped t e s t  sec t ion  with a minimum diameter of 0.25 
inch, unless otherwise noted i n  t a b l e  111. 
r i c a t e d  from 1/2-inch-diameter blanks i n t o  f a t igue  specimens as shown i n  f i g -  
ure  l(b). 
blanks i n t o  buttonhead f a t igue  specimens as shown i n  f igu re  l(a) (o r  f i g .  l ( c )  
f o r  beryllium only) .  Sepasate buttonheads w e r e  screwed onto the  threaded-head 
specimens so  t h a t  t h e  same s t y l e  of g r ips  could be used f o r  a l l  mater ia ls .  It 
was  necessary t o  use a modified specimen configuration for c e r t a i n  very shor t  
l i f e  t e s t s  t o  reduce t h e  buckling problem t h a t  developed i n  the  more duc t i l e  
mater ia l s  at la rge  diametral  s t r a i n  ranges. The most common modification in-  
volved t h e  reduction of t h e  hourglass rad ius  t o  1.0 inch and t h e  ove ra l l  specimen 
length t o  2.25 inches. 
Inconel X t he  hourglass rad ius  was  fu r the r  reduced t o  0.5 inch. Another modifi- 
ca t ion  was  necessary t o  prevent f a i l u r e s  outs ide the  t e s t  sec t ion  f o r  some mate- 
r ia ls  under c e r t a i n  t e s t  conditions.  I n  t h i s  case the  minimum te s t - sec t ion  diam- 
e t e r  was  reduced t o  0 . 2 1  or 0.18 inch as circumstances d ic ta ted .  

AISI 4130 and 52100 s t e e l s  were fab- 

A l l  t h e  rest of t he  mater ia ls  were machined out of 3/4-inch-diameter 

I n  a few t e s t s  of AISI 4130 (annealed and hard) and 

A cy l ind r i ca l  t e s t  sect ion ( f ig .  l(c)) w a s  used t o  make t h e  longi tudina l  
s t r a i n  measurements necessary f o r  e l a s t i c  modulus determinations. Beryllium fa- 
t igue  specimens were made of t h i s  configuration a l so  t o  allow longi tudina l  s t r a i n  
cont ro l  ins tead  of diametral. This procedure w a s  necessary because t h e  extremely 

3 



low value of Poisson's r a t i o  (p = 0.024) f o r  beryllium means t h a t  t h e  e l a s t i c  d i -  
ametr ical  s t r a i n s  a re  very small and, therefore ,  more d i f f i c u l t  t o  measure accu- 
rat e l y  . 

Test Apparatus 

Four low-frequency mechanical f a t igue  t e s t i n g  machines ( f i g .  2 )  designed and 
b u i l t  at Lewis Research Center were used f o r  t h i s  tes t  program. Alternate push 
and p u l l  forces  on t h e  specimen were supplied by a 6-inch-diameter hydraulic cyl-  
inder.  The buttonhead specimens were attached r i g i d l y  t o  t h e  loading rods with 
spli t-cone and wedge-type gr ips .  A c o m e r c i a l  d i e  s e t  was used t o  maintain 
alinement under t h e  ac t ion  of compressive loads.  The lower loading rod was  at- 
tached i n  s e r i e s  t o  t h e  lower movable die-set  platen,  t h e  commercial load c e l l ,  
and the  hydraul ical ly  operated p is ton  rod. 

S t r a in  range cont ro l  was  obtained by a 10-to-1 def lec t ion  l eve r  attached t o  
the  moving platen.  This lever  actuated microswitches which energized r e l ays  t h a t  
cont ro l  a solenoid-operated four-way hydraulic valve. 
high-pressure o i l  t o  t h e  opposite side of t h e  double-acting p is ton  and vented the  
unpressurized s ide  t o  t h e  supply tank. 
as 2 or 3 cycles per minute t o  about 30 cycles per minute. 

The valve t r ans fe r r ed  

Cycling r a t e  could be var ied from as low 

A s t r ip-char t  recorder was  used t o  make e i t h e r  continuous or periodic  rec- 
ords of load amplitude. 
pose powered the  load c e l l  which, i n  turn,  supplied t h e  load s igna ls  t o  t h e  re- 
corder f o r  amplif icat ion.  

A spec ia l  c i r c u i t  b u i l t  i n t o  t h e  recorder f o r  this pur- 

S t r a i n  measurements were made with Tuckerman o p t i c a l  s t r a i n  gages f o r  a l l  
t e s t s  i n  which t h e  diametral  s t r a i n  range f e l l  below t h e  maximum p r a c t i c a l  capa- 
b i l i t y  ( = 0.034 in .  / in.  or l e s s )  of t h e  1-inch-gage-length extensometer. 
(Symbols a r e  defined i n  appendix A. ) For l a rge r  s t r a i n  ranges, a d i a l  ind ica tor  
type of diametral extensometer w a s  used. Tuckerman o p t i c a l  s t r a i n  gages were 
se lec ted  because of t h e i r  r e l i a b i l i t y  f o r  a p r a c t i c a l l y  unlimited number of cy- 
c l e s  a t  l a rge  as w e l l  as s m a l l  s t r a i n s ,  and because t h e i r  excel lent  s e n s i t i v i t y  
i s  p a r t i c u l a r l y  des i rab le  f o r  diametral  s t r a i n  measurements. 
i s  possible  t o  discern a s t r a i n  of 8 microinches per inch over a 1/4-inch gage 
length.  
fas tened with piano-wire springs t o  a spec ia l  diametral  strain-gage f i x t u r e  
( f i g s .  3 ( a )  and ( b ) )  . 
i d l y  fastened t o  a U-shaped leaf  spring which pressed t h e  bearing edges against  
t h e  t e s t  sect ion.  
s t a b i l i z e d  t h e  strain-gage f i x t u r e  against  t i pp ing  during t h e  f a t igue  t e s t .  
Longitudinal s t r a i n  measurements, used f o r  t h e  beryllium fa t igue  t e s t s  and f o r  
a l l  e l a s t i c  modulus measurements, were made by fas ten ing  two 1-inch-gage-length 
extensometers d i r e c t l y  t o  specimens having cy l ind r i ca l  t e s t  sections.  Au. opt i -  
c a l  s t r a i n  readings were made with t h e  use of t h e  Tuckerman autocollimators.  

With these  gages it 

Diametral s t r a i n  measurements were made using two 1-inch extensometers 

Two diametr ical ly  opposed aluminum bearing edges were r i g -  

Long f l e x i b l e  loops of piano wire attached t o  the  loading rod 
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Procedure 

Determination of mechanical propert ies .  - The usua l  procedure involved the  
measurement of t e n s i l e  and e l a s t i c  propert ies  before fatigue t e s t i n g  each t e s t  
mater ia l .  For t e n s i l e  t e s t i n g ,  standard hourglass f a t igue  specimens were in-  
s t a l l e d  i n  a Rhiele universa l  t e s t i n g  machine and were f i t t e d  with a dial-gage- 
type diametral  extensometer. As t h e  t e n s i l e  load was increased, simultaneous 
readings of t h e  d i a l  gage and load ind ica tor  were recorded. With these  data t h e  
t r u e  s t r e s s  - t r u e  s t r a i n  r e l a t i o n  beyond t h e  y i e ld  point  w a s  es tabl ished.  
quant i t ies  measured and used t o  ca lcu la te  ul t imate  s t rength,  f r ac tu re  s t rength,  
and d u c t i l i t y  were maximum load, f r ac tu re  load, and t h e  minimum te s t - sec t ion  di-  
ameter a f t e r  f r ac tu re .  I n  a l l  cases t h e  reported t e n s i l e  propert ies  ( t a b l e  11) 
represent  t h e  average of at l e a s t  t h ree  t e s t s .  Cyl indrical  t es t - sec t ion  speci- 
mens ( f ig .  l ( c ) )  were used t o  determine e l a s t i c  modulus and Poisson's r a t i o .  
1-inch-gage-length o p t i c a l  extensometers were attached i n  t h e  a x i a l  d i rec t ion  t o  
opposite s ides  of t h e  t e s t  sec t ion  f o r  s t r a i n  measurement. Simultaneous s t r a i n  
and load readings taken at  regular increments of both increasing and decreasing 
load provided t h e  information necessary t o  p lo t  t h e  s t r e s s - s t r a in  curve from 
which t h e  e l a s t i c  modulus was determined by averaging t h e  slope of t he  s t r a igh t -  
l i n e  port ions of t h i s  curve. 
t e s t  sect ion and replaced with t h e  spec ia l ly  designed diametral  strain-gage f ix -  
t u r e  f o r  use with o p t i c a l  gages ( f i g .  3). A similar s e r i e s  of simultaneous load 
and diametral-s t ra in  readings was  used t o  p lo t  t h i s  r e l a t ion .  
s t r a igh t - l i ne  port ions of t h i s  curve represents  t h e  r a t i o  E/p, so t h a t  Poisson's 
r a t i o  p. can be establ ished from t h i s  slope and t h e  previously calculated e las -  
t i c  modulus E. The values of E and p ( t ab le  11) were rounded off  t o  two sig- 
n i f i can t  f igures .  

Other 

TWO 

The o p t i c a l  s t r a i n  gages were then removed from t h e  

The slope of t he  

Fatigue t e s t ing .  - The f a t igue  machine was operated manually during t h e  
f i rs t  f e w  cycles of each t e s t  t o  s e t  t h e  p la ten  displacement l i m i t  switches 
( f ig .  2) t o  produce t h e  desired diametral  s t r a i n  range A& as measured at  t h e  
t e s t  sect ion.  I n i t i a l  loading was  chosen t o  be compressive r a t h e r  than  t e n s i l e ,  
because it was  much eas i e r  t o  s top  deformation of t he  t e s t  sect ion at t h e  desired 
s t r a i n  l e v e l  by manipulation of t h e  pressure regulator. The na tu ra l  increase of 
cross-sect ional  a r ea  during compressive flow reduces t h e  required s e n s i t i v i t y  of 
i n i t i a l  load control ,  whereas the  reduction of a rea  associated with t e n s i l e  de- 
formations increases  t h e  required s e n s i t i v i t y .  Also, t h e  i n i t i a l  p l a s t i c  flow i n  
compression tends t o  reduce the  subsequent sharpness of t h e  "knee" of t he  v i rg in  
s t r e s s - s t r a in  curve, which makes t h e  cont ro l  of t e n s i l e  s t r a i n s  easier. The 
specimen was first compressed t o  produce an increase i n  s t r a i n  of an amount 
1 -A$ 2 
t h i s  s t r a i n  was  reached, t h e  compression microswitch w a s  s e t  t o  be t r ipped  by t h e  
def lec t ion  lever .  

p l i ed  t o  produce a diametral  decrease of s t r a i n  of from the  i n i t i a l  dim- 

e t e r .  When t h i s  s t r a i n  w a s  reached, t he  tens ion  microswitch was  adjusted. Thus, 
t h e  specimen was s t r a i n  cycled about a zero mean s t r a i n  over a s t r a i n  range of 

by slowly increasing t h e  o i l  pressure t o  t h e  hydraulic cylinder.  When 

The compression load was  removed, and tension was slowly ap- 

L A &  2 

A&. 

5 



Automatic operation of t h e  f a t igue  machine w a s  begun once the  l i m i t  switches 
had been posit ioned so t h a t  t h e  def lec t ion  l eve r  t r iggered the  sw5tches a t  t h e  
desired s t r a i n  l i m i t s  as observed with t h e  o p t i c a l  s t r a i n  gages. Repeated checks 
were made of s t r a i n  range throughout t h e  t e s t .  S t r a in  softening o r  s t r a i n  hard- 
ening of t he  t e s t  specimens necessi ta ted minor adjustments i n  t h e  def lect ion-  
lever  l imit-switch se t t i ngs  i n  order t o  maintain constant 
ments were necessary because t h e  l i m i t  switches maintained constant displacement 
between upper and lower die-set  platens.  The loading rods, g r ips ,  and specimen 
heads were subjected t o  def lect ions e n t i r e l y  within t h e  e l a s t i c  range, but t h e  
t e s t  sect ion of t h e  specimen flowed p l a s t i c a l l y ,  undergoing a gradual change i n  
mater ia l  propert ies .  Hence, as t h e  t e s t  progressed, t he re  w a s  a change i n  s t r a i n  
d i s t r ibu t ion;  and, i n  order t o  maintain a constant s t r a i n  range at t h e  t e s t  sec- 
t i on ,  it w a s  necessary t o  change t h e  displacement l i m i t s  between t h e  platens.  
For a strain-hardening mater ia l  these  l i m i t s  had t o  be increased, and f o r  a 
s t ra in-sof tening mater ia l  they had t o  be decreased. 
made whenever t h e  diametral  s t r a i n  range deviated 40 t o  80 microinches from t h e  
desired value. 

Acd. These adjust-  

Microswitch adjustments were 

Continuous load recordings were taken during t h e  ea r ly  pa r t  of every t e s t .  
Periodic load measurements were taken the rea f t e r  throughout t he  t e s t  i n  conjunc- 
t i o n  with t h e  s t r a i n  measurements. The basic  t e s t  information per iodica l ly  re-  
corded throughout each t e s t  comprised t o t a l  diametral  s t r a i n  range 
range A€', and number of cycles N. Specimen l i f e  was defined as t h e  number of 
cycles causing separat ion of t he  t e s t  section. 

Acd, load 

Special  precautions,  described i n  appendix B, were taken while t e s t i n g  be- 
ryll ium t o  prevent d i s t r ibu t ion  of tox ic  beryllium dust p a r t i c l e s  i n t o  the  air .  

RESULTS AND DISCUSSION 

The bas ic  t e s t  data, descr ipt ive t e s t  information, and calculated s t r e s ses  
and s t r a i n s  a r e  tabulated i n  t a b l e  I11 f o r  each f a t igue  t e s t .  Equations used t o  
ca lcu la te  these  various quant i t ies  w i l l  be discussed l a t e r .  Information from 
t h i s  t a b l e  w a s  used t o  p lo t  most of t h e  curves used i n  t h e  subsequent analysis.  

Cyclic S t ress -St ra in  Relation 

When f a t igue  specimens a re  cycled between f ixed  s t r a i n  l i m i t s ,  t h e  s t r e s s  
range general ly  changes during t h e  t e s t .  
of s t r e s s  range 
d i f f e ren t  values of applied s t r a i n  range (zero mean s t r a i n  i n  a l l  cases) .  
group of mater ia l s  including t h e  heat- t reatable  f e r r i t i c  a l loy  s t e e l s  ( f ig s .  4 (a)  
t o  ( e ) ) ,  hardened AM 350 s t a i n l e s s  ( f i g .  4 ( j ) ) ,  and t i tanium (6Al-4V) 
( f i g .  4 ( 2 ) )  i s  characterized by a s t r e s s  range t h a t  decreases from the  i n i t i a l  
value. Since t h e  s t r e s s  required t o  produce a f ixed  s t r a i n  decreases i n  succes- 
s ive cycles,  and since hardness t e s t s  ind ica te  a coincident softening, these ma- 
t e r i a l s  a re  described as cyc l ic  s t r a i n  softening. A second group of mater ia l s  

Figure 4 shows t h e  t y p i c a l  var ia t ions  
with cycles f o r  each of t he  t e s t  mater ia l s  at t h ree  Aa = AP/A 

One 
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including s t a i n l e s s  s t e e l s  ( f ig s .  4 ( f )  t o  (i)), Inconel X ( f i g .  4 ( k ) ) ,  5456-H311 
aluminum ( f ig .  4 ( n ) ) ,  and beryllium ( f i g .  4 (p) )  shows an increase of s t r e s s  and 
hardness during s t r a i n  cycling. These a re  therefore  ca l l ed  cyc l ic  s t r a in -  
hardening mater ia ls .  
crease i n  s t r e s s  range with l i f e ,  but t h i s  change i s  not simply a r e s u l t  of 
s t r a i n  softening. Visible  macrocracks t h a t  appear very ea r ly  i n  these  t e s t  
specimens cause a reduction i n  s t r e s s  range because t h e  load-carrying a b i l i t y  i n  
t h e  t e n s i l e  port ion of t he  s t r a i n  cycle i s  reduced. L i t t l e  change i n  s t r e s s  
range takes  place f o r  2014-T6 aluminum f o r  t h e  s t r a i n  ranges shown i n  f i g -  
ure  4(m). 

Commercial pu r i ty  1100 aluminum ( f i g .  4 (0) )  displays a de- 

I n  addi t ion t o  i l l u s t r a t i n g  t h e  strain-hardening and s t ra in-sof ten ing  char- 
a c t e r i s t i c s ,  these  f igu res  ind ica te  t h a t  t he  most s ign i f icant  changes i n  stress 
range usual ly  occur within t h e  first 20 percent of specimen l i f e .  During t h e  re -  
maining 80 percent or  more of t he  l i f e ,  t he  s t r e s s  range remains r e l a t i v e l y  con- 
s t an t .  This la t ter  value of s t r e s s  range can be considered then as a character-  
i s t i c  value corresponding t o  t h e  applied range. 
analysis  t h e  s t r e s s  range a0 at  one-half t he  number of cycles t o  f a i l u r e  Nf 
w a s  se lec ted  as t h e  cha rac t e r i s t i c  value. 

For t h e  purposes of subsequent 
1 

The s t r e s s  analyst  who wishes t o  ca lcu la te  t h e  s t r e s s  and s t r a i n  d is t r ibu-  
t i o n  during f a t igue  involving p l a s t i c  flow needs t o  know t h e  cha rac t e r i s t i c  
s t r e s s  range corresponding t o  an applied s t r a i n  range. If  t h e  ma te r i a l  undergoes 
cyc l ic  s t r a i n  sof tening or hardening, then he cannot properly use t h e  t e n s i l e  
s t r e s s - s t r a i n  r e l a t i o n  of t h e  v i rg in  mater ia l ,  but he needs instead t h e  s t r e s s -  
s t r a i n  curve t h a t  appl ies  following shakedown i n  fa t igue .  
herein as t h e  condition t h a t  develops after a su f f i c i en t  number of cycles have 
been applied t o  " s t ab i l i ze"  t h e  s t r e s s  range. Changes i n  s t r e s s  range i n  succes- 
s ive  cycles a f t e r  shakedown a re  r e l a t i v e l y  s m a l l  compared with those i n  t h e  e s l y  
cycles of s t r a i n . )  
t i n g  t h e  stress amplitude at shakedown i n  fa t igue  against  t h e  accompanying longi- 
t ud ina l  t o t a l  s t r a i n  amplitude. Figure 5 graphical ly  i l l u s t r a t e s  t h e  difference 
between these two s t r e s s - s t r a i n  r e l a t i o n s  and a method by which t h e  desired rela- 
t i o n  can be obtained. Consider, f o r  example, a t e s t  f o r  which the  s t r a i n  ampli- 
tude i s  0.018 inch per inch, corresponding t o  point A i n  f igu re  5 ( a ) .  During t h e  
f i rs t  quarter  cycle,  t h e  s t r e s s  amplitude will be governed by t h e  s t a t i c  s t r e s s -  
s t r a i n  curve, which ind ica tes  a required s t r e s s  amplitude of 120 ks i .  This 
s t r e s s  i s  t r ans fe r r ed  t o  point A' of f igu re  5(b)  i n  which s t r e s s  amplitude i s  
p lo t t ed  against  number of cycles. As t he  s t r a i n  amplitude of 0.018 i s  r epe t i -  
t i v e l y  applied,  t h e  s t r e s s  amplitude increases  and then l e v e l s  off at 140 k s i  as 
indicated by curve A'PANf. 

s t r a i n  amplitude (0.018 in . / i n . )  and t h e  s t r e s s  range a t  $ Nf (140 k s i ) ,  i s  then 

one point on t h e  desired cyc l ic  s t r e s s - s t r a in  curve. A similar point B" i s  ob- 
ta ined from another t e s t  of s t r a i n  amplitude (0.036 i n . / i n . ) j  A" and B" represent  
two points  on t h e  cyc l ic  s t r e s s - s t r a in  curve which i s  f u l l y  obtained from a se- 
r i e s  of d i f f e ren t  constant-s t ra in  range t e s t s .  

(Shakedown i s  defined 

Such a curve i s  establ ished from fa t igue  t e s t  da ta  by plot-  

Point A" ( f i g .  5 ( a ) ) ,  represent ing the  applied 
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Data necessary t o  p lo t  t h e  cyc l ic  s t r e s s - s t r a i n  curve ( i n  terms of s t r e s s  
amplitude aa against  longi tudina l  s t r a i n  amplitude E L )  a re  r ead i ly  ca lcu la ted  
using the applied diametral  s t r a i n  range A$ and the  s t r e s s  range Ao at 
1 

compressive and t e n s i l e  s t r e s s e s  during any one cycle remained approximately 
equal t o  one another throughout t he  t e s t .  I n  other words, cyc l ic  s t r a i n  harden- 
ing or softening af fec ted  t h e  peak t e n s i l e  o r  compressive stresses equally,  and 
t h e  mean s t r e s s  throughout a t e s t  was  zero. By de f in i t i on  

N f .  It was  observed during zero mean s t r a i n  fa t igue  t e s t i n g  t h a t  t h e  maximum 

where 

AF’ applied load range at Nf 1 

A cross-sect ional  a rea  

Total  mechanical s t r a i n  amplitudes e;  and E: a re  equal t o  the  sum of t h e  
e l a s t i c  and p l a s t i c  s t r a i n  components when creep and ane la s t i c  s t r a i n s  a re  negl i -  
gible .  Thus, 

where 

2 2 
P 

E; = Eel + E 

d d 
P 

Ed = Eel + E a 

c t z  longi tudina l  e l a s t i c  s t r a i n  amplitude 

2 longi tudina l  p l a s t i c  s t r a i n  
P E 

diametral  e l a s t i c  s t r a i n  amplitude ‘e 2 

d diametral  p l a s t i c  s t r a i n  
P E 

Also, 

8 



where E i s  the  e l a s t i c  modulus and p i s  Poisson's r a t i o .  The p l a s t i c  term 
E' must be r e l a t e d  t o  A$ through t h e  t o t a l  p l a s t i c  diametral  s t r a i n  
Figure 6 i l l u s t r a t e s  s t r e s s e s  and diametral  s t r a i n  components f o r  a t y p i c a l  
s t r e s s - s t r a in  hys te res i s  loop during fatigue. The width of t h i s  hys te res i s  loop 
i s  t h e  measure of The longi tudina l  p l a s t i c  s t r a i n  cz i s  equal i n  magni- P' P 
tude t o  twice ( s ince  volume is  conserved during p l a s t i c  flow) and is  oppo- 
s i t e  i n  s ign,  a l t e rna t ing  each cycle from tension t o  compression. Since com- 
parison i s  desired with t h e  t e n s i l e  s t r e s s - s t r a i n  curve, only pos i t ive  s t r a i n s  
need be considered. Hence, 

E;. P 

E$ 

€1 = 2EP d 
P 

By subs t i t u t ing  equations (3a) and (4c) i n t o  (Za), t h e  desired r e l a t i o n  is  ob- 
t ained i 

The cyc l i c  s t r e s s - s t r a i n  r e l a t i o n  was  es tabl ished f o r  each material by p lo t -  
2 t i n g  a, against  as shown i n  f igu re  7. This curve defines t h e  shakedown 

s t r e s s  amplitude t h a t  accompanies a given s t r a i n  l imi t  during s t r a i n  cycling 
loading. It i s  r e a d i l y  apparent, on comparison with t h e  v i rg in  t e n s i l e  data ,  
t h a t  very appreciable changes t o  t h e  s t r e s s - s t r a in  r e l a t i o n  a re  caused by cyc l ic  
s t ra in ing .  These f igu res  a l so  revea l  cyc l ic  s t ra in-sof tening and s t r a i n -  
hardening behavior by t h e  v e r t i c a l  displacement of t h e  fa t igue  curve from t h e  
s t a t i c  t e n s i l e  curve. Strain-softening materials exhibi t  a larger percentage r e -  
duction of s t r e s s  at 1- or 2-percent s t r a i n  (corresponding t o  intermediate l i f e )  
than at 7- or 8-percent s t r a i n  (corresponding t o  very short  l i f e ) .  Apparently 
the  sof tening cha rac t e r i s t i c s  are  counteracted somewhat by la rge  values of ap- 
p l i ed  s t r a i n .  On t h e  other hand, strain-hardening mater ia ls  tend t o  have a 
grea te r  increase of s t r e s s  a t  t h e  la rger  s t r a i n s .  

Great differences e x i s t  between t h e  s t r e s s - s t r a i n  curves of i n i t i a l l y  an- 
nealed (or s o f t )  and hardened conditions of an al loy.  
s t ra in-cycl ing f a t igue  causes the  cyc l ic  s t r e s s - s t r a i n  r e l a t i o n s  f o r  t h e  two i n i -  
t i a l  hardness conditions t o  become much more al ike.  This e f f e c t  i s  most pro- 
nounced f o r  mater ia l s  t h a t  a re  customarily hardened by working such as AISI 304 
and AM 350, though it does occur t o  a l e s s e r  degree with heat- t reatable  s t e e l s  
such as AISI 4130 and 4340. 

Figure 7 shows t h a t  
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Although t h e  degree of softening or hardening var ies  somewhat with applied 
s t r a i n ,  an approximate comparison of mater ia ls  with respect t o  these character is-  
t i c s  can be made by evaluating t h e  r a t i o  of the  shakedown s t r e s s  i n  fa t igue  at a 
given s t r a i n  range t o  the  v i rg in  t e n s i l e  s t r e s s  at a corresponding value of 
s t r a i n .  This r a t i o  i s  l e s s  than uni ty  f o r  cycl ic  s t r a i n  softening and greater  
than uni ty  f o r  cycl ic  s t r a i n  hardening. Table N l ists  t h i s  r a t i o ,  calculated at 
1-percent s t r a i n ,  f o r  each mater ia l  ( i n  order of increasing value) .  
r e l a t i o n  e x i s t s  between the  degree of softening or hardening and t h e  parameter 
au/ays (ul t imate  t e n s i l e  s t rength ou divided by the conventional 0.2-percent 
o f f s e t  y i e l d  s t rength cr f i g .  8) .  All materials  f o r  which ou/oys = 1 . 2  or 
l e s s  softened under cyc l ic  s t ra in ing  and those f o r  which 
greater  s t r a i n  hardened. A t  intermediate values, 1 . 2  < cru/oys < 1 .4 ,  both hard- 
ening and softening were observed. This cor re la t ion  may serve as a guide f o r  es- 
t imating from t e n s i l e  t e s t  da ta  t h e  degree of hardening or  softening t h a t  may be 
expected i n  t h e  absence of t h e  r e q u i s i t e  fa t igue  data. 

A fair cor- 

YS , 
uu/uys = 1 . 4  or 

The p r a c t i c a l  use of cyc l ic  s t r e s s - s t r a i n  r e l a t i o n s  i n  conjunction with t h e  
s t r a i n - l i f e  r e l a t i o n s ,  which w i l l  be discussed next, f o r  the  appl icat ion t o  t h e  
solut ion of p r a c t i c a l  problems i s  demonstrated i n  reference 8. 

Relation of Li fe  t o  Total  S t r a i n  and t o  E l a s t i c  

and P l a s t i c  Components 

For t h e  most general  of design appl icat ions,  it i s  necessary t o  know t h e  
r e l a t i o n  of f a t i g u e  l i f e  t o  both t h e  t o t a l  mechanical s t r a i n  and t h e  e l a s t i c  and 
p l a s t i c  components of t h i s  s t r a i n .  Basic experimental s t r a i n - l i f e  t e s t  da ta  a r e  
necessary a l s o  t o  evaluate and devise methods of predicting f a t i g u e  l i f e  and t o  
obtain a b e t t e r  understanding of notch behavior i n  fa t igue.  These purposes a r e  
served by t h e  experimental s t r a i n - l i f e  da ta  shown f o r  each t e s t  mater ia l  i n  f i g -  
ure 9. Plot ted on log-log coordinates a re  t h e  e l a s t i c  s t r a i n  range A€;', 
p l a s t i c  s t r a i n  E' and t o t a l  s t r a i n  range A,' against  Nf f o r  each fa t igue  
t e s t .  The e l a s t i c  s t r a i n  range and t h e  p l a s t i c  s t r a i n  component a r e  calculated 
from t h e  basic  da ta  using equations (3a) and (4c) ,  respectively.  
s t r a i n  range &' 

P" 

The t o t a l  
equals t h e  sum of these e l a s t i c  and p l a s t i c  components. 

Some general  observations can be made about the  behavior of t h e  various 
s t r a i n  data.  The p l a s t i c  s t r a i n ,  f o r  example, has a magnitude many times t h a t  of 
*the e l a s t i c  s t r a i n  range at short  l i f e ,  but it decreases rap id ly  with increasing 
l i f e  t o  become negl igible  i n  comparison with &kz at long l i f e .  This i s  t r u e  
f o r  a l l  t h e  t e s t  mater ia ls  except i n  t h e  long-l i fe  region f o r  AIS1 304 ELC an- 
nealed and AM 350 annealed ( f i g s .  9 ( f )  and ( i ) ) ,  where t h e  p l a s t i c  s t r a i n  remains 
a s igni f icant  quantity though l e s s  than t h e  e l a s t i c  c0mponent.l 
tolerance of d i f fe ren t  mater ia ls  t o  p l a s t i c  s t r a i n  i n  t h e  s h o r t - l i f e  region seems 

The r e l a t i v e  

h e  anomalous behavior of these strongly s t r a i n  hardening s t a i n l e s s  s t e e l s ,  
as well  as t h e  delayed hardening of these s t e e l s  at the  low s t r a i n  leve ls  ( f i g s .  
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t o  co r re l a t e  qui te  d i r e c t l y  with t h e  t e n s i l e  d u c t i l i t y .  
l a rger  d u c t i l i t i e s  such as 1100 aluminum and AISI 304 annealed withstand a 
greater  p l a s t i c  s t r a i n  f o r  a given l i f e  than those with low d u c t i l i t i e s  such as 
beryllium and Inconel X. 

Those mater ia l s  with 

Figure 9 a l so  ind ica tes  t h a t  a log-log representat ion of p l a s t i c  s t r a i n  
against  fa t igue  l i f e  f o r  most mater ia ls  can be f i t t e d  well  with a s t r a i g h t  l i n e  
(again except f o r  t h e  annealed s t a t e s  of AISI 304 ELC and AM 350). I n  determin- 
ing the  least-squares s t r a igh t - l i ne  f i t  shown i n  figure 9, a l l  da ta  were used ex- 
cept those f o r  f a t igue  l i v e s  less than 10 cycles and those for which t h e  p l a s t i c  
s t r a i n  i s  l e s s  than one-half t h e  e l a s t i c  s t r a i n  range. 
made because, under these  l a rge  load and p l a s t i c  flow conditions, bending i n  t h e  
t e s t  sect ion of ten  takes  place or t h e  diametral  strain-gage f i x t u r e  of ten  indents 
t h e  t e s t  sec t ion  or both. 
l i v e s ,  therefore ,  may be open t o  some question. The l a t t e r  exclusion i s  made be- 
cause any e r ro r  of f i xed  magnitude t h a t  en ters  i n t o  the  calculated p l a s t i c  s t r a i n  
becomes an increasingly l a rge r  percentage of t h e  s t r a i n  as it decreases t o  low' 
values. Therefore, f o r  t h e  purposes of subsequent de ta i led  ana lys i s  ( r e f .  10) 
t he  l i n e  w a s  f i t t e d  t o  t h e  more representa t ive  data. It i s  obvious t h a t  empiri- 
c a l  mathematical r e l a t i o n s  such as t h i s  s t r a igh t - l i ne  cor re la t ion  may work out 
very wel l  i n  t h e  sho r t - l i f e  region where t h e  p l a s t i c  s t r a i n  i s  la rge .  
f o r  s m a l l  values of p l a s t i c  s t r a i n ,  on t h e  order of 0.001 inch per inch or l e s s ,  
l a rge  e r ro r s  i n  predicted l i f e  may r e s u l t  because of t h e  uncertainty of t h e  
s t r a igh t - l i ne  extrapolat ion i n t o  t h i s  region and because of uncer ta in t ies  i n  E,  
p, and other  f a c t o r s  t h a t  enter  i n t o  t h e  cP calculat ion.  Consequently, such a 
method, at bes t ,  would be l imi ted  t o  a maximum l i f e  of about 800 cycles f o r  mate- 
r ials l i k e  AM 350 (hard) or 4000 cycles f o r  those l i k e  AISI 52100. 

The former exclusion i s  

The s t r a i n  and load readings for these  very short  

However, 

The e l a s t i c  s t r a i n  range, unlike t h e  p l a s t i c  s t r a i n ,  never decreases t o  di- 
minishingly s m a l l  values t h a t  a r e  impossible t o  measure or ca lcu la te  accurately.  
Hence, it could be p r a c t i c a l  t o  r e l a t e  f a t igue  l i f e  with t h e  e l a s t i c  s t r a i n  (or 
s t r e s s )  over t h e  e n t i r e  l i f e  span. This might be done i n  a way similar t o  t h a t  
used for t h e  p l a s t i c  component, tha t  i s ,  by a l so  f i t t i n g  the  e l a s t i c  da ta  with a 
s ingle  s t r a igh t  l i n e .  For many of the test m a t e r i a l s  such a cor re la t ion  repre- 
s en t s  t h e  da ta  wel l  over t h e  range invest igated,  but for others  t he re  i s  a ten-  
dency f o r  t h e  da t a  poin ts  t o  f a l l  off such a l i n e  i n  e i t h e r  t h e  long- or short-  
l i f e  region. The s t r a i g h t  l i n e s  f i t t e d  t o  the  e l a s t i c  s t r a i n  data of f igu re  9 
represent  t h e  least-squares  f i t  of all f a i l u r e  data except those cases i n  the  
sho r t - l i f e  region where t h e  e l a s t i c  s t r a i n  i s  less than one-half of t h e  p l a s t i c  
s t r a i n .  This s t r a igh t - l i ne  method of representat ion again w a s  chosen f o r  pur- 
poses used i n  reference 10 i n  which equations represent ing t h e  e l a s t i c  and plas-  
t i c  components a re  summed up t o  develop a r e l a t i o n  between t o t a l  s t r a i n  range and 

4 ( f )  and ( i)) ,  appears t o  be associated with t h e  transformation of aus ten i te  t o  
the  body-centered l a t t i c e  t h a t  t akes  place during cyc l ic  s t r a i n  f a t igue  ( r e f .  9 ) .  
The transformation, which i s  evidenced by an increase i n  magnetic proper t ies  dur- 
ing the  t e s t ,  proceeds at a much slower r a t e  at t h e  lower s t r a i n  l e v e l s  than t h e  
high. It appears t o  go t o  completion at high s t r a i n  l e v e l s  (as evidenced by mag- 
ne t i c  proper t ies  and s t r e s s  range behavior) wel l  before specimen f a i l u r e  , but 
only p a r t i a l  transformation i s  accomplished at failure under low s t r a i n  leve ls .  
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~ 
cycl ic  l i f e .  Such r e l a t ions  provide t h e  designers with complete information con- 
cerning stress, s t r a i n ,  and fa t igue  l i f e .  

Figures 9 ( a )  t o  (p )  a l so  demonstrate t h e  behavior of t o t a l  longi tudina l  
s t r a i n  range with cyc l ic  l i f e  f o r  t he  t e s t  mater ia ls .  I n  most cases Ac2 de- 
creases very rap id ly  with increasing Nf 
changes much less rap id ly  i n  the  intermediate l i f e  region. This behavior of 
t o t a l  s t r a i n  r e f l e c t s ,  of course, t he  overriding e f f ec t  t h a t  t h e  p l a s t i c  s t r a i n  
component has upon t o t a l  s t r a i n  i n  the  sho r t - l i f e  region and t h e  predominant ef-  
f e c t  t h e  e l a s t i c  s t r a i n  component has i n  t h e  longer l i f e  region. By adding to -  
gether, at a given l i f e ,  t h e  s t r a i n  values denoted by the  s t r a igh t - l i ne  correla-  
t i o n  of t he  e l a s t i c  and p l a s t i c  s t r a i n  components t he  corresponding cor re la t ing  
l i n e  f o r  t o t a l  s t r a i n  can be determined. 
most of t h e  materials, indicat ing t h a t  t h e  t o t a l  s t r a i n  against  l i f e  r e l a t i o n s  
can be obtained by summing up t h e  e l a s t i c  and p l a s t i c  components as approximated 
by s t r a igh t - l i ne  r e l a t ions .  The biggest  exceptions occur i n  the  longer l i f e  r e -  
gion of t he  annealed states of AISI 304 and AM 350, which i s  apparently due t o  
t h e  previously mentioned transformation t h a t  takes  place i n  these materials. 

i n  the  sho r t - l i f e  region and then 

This l i n e  represents  t e s t  da t a  w e l l  f o r  

Relative Performance of Materials 

Comparison on bas i s  of diametral  s t r a i n  range. - Figure 10 i l l u s t r a t e s  t h e  
e f f ec t  of diametral  s t r a i n  range 
where t h i s  w a s  t h e  independent t es t  var iable .  A t  a spec i f ic  l i f e  t he  spread i n  
Acd 
and then becomes f a i r l y  la rge  again i n  t h e  long- l i fe  region. A close examination 
of t he  d a t a  reveals  t h a t  t he  r e l a t i v e  standings of materials change with 
For example, 1100 aluminum and AISI 4130 ( s o f t )  s t e e l  withstand the  grea tes t  A& 
f o r  short  l i v e s ,  but they r a t e  among the  poorest at long l i f e .  Conversely, 
AM 350 (annealed) shows up poorly at short  l i f e ,  but it i s  one of t he  bes t  f o r  
fatigue l i v e s  of lo5 t o  106 cycles. 
de ta i led  comparison of t h e  diametral  s t r a i n  range capabi l i ty  f o r  t h e  various ma-  
t e r i a l s  at f a t igue  l i v e s  of 100, 3000, and 100,000 cycles. The s t r a i n  range ea- 
p a b i l i t y  of t h e  bes t  mater ia l  i s  about E times t h a t  of the  poorest at 100 cycles,  

only 1- times grea te r  at 3000 cycles, and 3 times greater  at 100,000 cycles.  The 
change i n  r e l a t i v e  r a t ings  i n  going from short  t o  long l i f e  i s  p l a in ly  evident. 
Titanium (6Al-4V) i s  an exception t o  the  general  t rend since it ranks as one of 
t he  b e t t e r  s t r a in - r e s i s t i ng  mater ia ls  over t h e  complete l i f e  range. 

Aed on fa t igue  l i f e  f o r  a l l  t he  materials 

i s  grea tes t  i n  t he  sho r t - l i f e  region, becomes s m a l l  at about 10,000 cycles,  

N f .  

Table V, derived from t h i s  f igure ,  makes a 

1 
2 

The f a c t  t h a t  t h e  r e l a t i v e  s t ra in-cycl ing performance of materials changes 
with Nf 

p l a s t i c  s t r a i n  absorbing capacity (most duc t i l e )  w i l l  show up bes t ,  and i n  t h e  
long- l i fe  region general ly  those with t h e  grea tes t  e l a s t i c  s t r a i n  absorbing ea- 
paci ty  (best  endurance l i m i t )  w i l l  excel. 
c l e s ,  t h e  b e t t e r  mater ia ls  a re  those with t h e  best  combination of p l a s t i c  plus  
e l a s t i c  s t r a i n  capacity. 

i s  due t o  t h e i r  d i f fe ren t  tolerances t o  p l a s t i c  s t r a i n  and e l a s t i c  
I s t r a i n  (or  s t r e s s ) .  I n  the  sho r t - l i f e  region the  mater ia ls  with t h e  grea tes t  

For moderate l i f e ,  1000 t o  10,000 cy- 



1 Stress  range comparison. - Stress  range at Nf i s  p lo t ted  against  log Nf 

i n  f igure 11 f o r  a l l  t e s t  materials.  
ings of t h e  mater ia ls  with increasing l i f e  than there  i s  when comparison i s  made 
on a cycl ic  s t r a i n  bas i s .  Aluminum and beryllium f a l l  wel l  below the  s t e e l s ;  
however, on a strength-to-density bas i s  these  mater ia ls  would be comparable t o  
the  s t e e l s ,  and t i tanium (6Al-4V) wou ld  rank highest. Table V I  ind ica tes  the 
s m a l l  var ia t ion  of r e l a t i v e  r a t i n g s  of mater ia ls  on a s t r e s s  range b a s i s  f o r  fa- 
t igue  l i v e s  of 100, 3000, and 100,000 cycles. Comparison with t a b l e  V shows 
s t r e s s  range r a t i n g s  of mater ia ls  t o  be almost the  inverse of t h e  s t r a i n  range at 
Nf = 100 cycles. 

There i s  l e s s  change i n  t h e  r e l a t i v e  rat-  

Notch s e n s i t i v i t y .  - Under c e r t a i n  t e s t  conditions f o r  some mater ia ls  fa- 
t igue  f a i l u r e  took place outside t h e  t e s t  sect ion i n  a region of s t r e s s  concen- 
t r a t i o n .  
systematically t h e  e f f e c t  of s t r e s s  concentrations, t h e  previously discussed 
s t r a i n - l i f e  r e l a t i o n s  explain the  observed behavior very well. 
sect ion f r a c t u r e s  never occurred during very high s t r a i n  range t e s t s  (correspond- 
ing t o  short  l i v e s )  but ,  r a t h e r ,  appeared at some c r i t i c a l  lower s t r a i n  l e v e l  and 
at a l l  s t r a i n  ranges l e s s  than t h i s  c r i t i c a l  value. 
t e r i a l s  exhibited s e n s i t i v i t y  t o  a par t icu lar  type of s t r e s s  raiser when sub- 
jec ted  t o  applied s t r a i n  ranges below, but not above, some c r i t i c a l  value. 

Although it w a s  not t h e  purpose of t h i s  t e s t  program t o  invest igate  

These nontest- 

I n  other words, c e r t a i n  ma- 

Materials showing t h i s  behavior were US1 4130 (hard),  AISI 52100, AM 350 
Two of these, A I S I  4130 (hard) and 52100, were (hard) ,  and t i tanium (6Al-4V). 

t e s t e d  i n  the  threaded-head configuration ( f i g .  l ( b ) ) .  Nontest-section f a i l u r e s  
occurred at t h e  innermost thread root  at one end. of t h e  specimen. The only other 
mater ia l  t e s t e d  with threaded ends, AISI 4130 ( s o f t ) ,  d id  not show notch sensi-  
t i v i t y .  AM 350 (hard) and t i t a n i u m ,  l i k e  most of the  mater ia ls ,  were made i n t o  
buttonhead specimens ( f i g .  l ( a )  ) . 
s m a l l  f i l l e t  joining t h e  buttonhead at t h e  1/2-inch-diameter shoulder. 
these f a i l u r e s  were observed, it was necessary t o  reduce the  tes t - sec t ion  diam- 
e ter  t o  obtain s t r a i n - l i f e  data i n  the  longer l i f e  region. Such a change i s  e f -  
fec t ive ,  of course, because it reduces t h e  r a t i o  of s t r a i n  a t  the notch t o  tha t  
at the  t e s t  section. 

Nontest-section f a i l u r e s  or iginated at t h e  
Once 

In  order t o  use t h e  s t r a i n - l i f e  r e l a t i o n s  t o  explain t h i s  behavior it i s  
necessary t o  r e l a t e  the  local ized t o t a l  s t r a i n  range at t h e  s t r e s s  r a i s e r  &kr 
t o  the  uniform e l a s t i c  s t r a i n  range a t  t h e  t e s t  sect ion and then t o  com- 

1 pare AcAr with A,', the  t o t a l  s t r a i n  range a t  the  t e s t  section. Since both 

I t h e  t es t  sect ion and s t r e s s  r a i s e r  a r e  subject t o  t h e  same load range AP, the  
nominal s t r e s s  range at t h e  s t r e s s  r a i s e r  
section s t r e s s  range Au as follows: 

Aasr can be equated t o  t h e  t e s t -  

AaSr = - A 
A s r  

= m AU 
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where 

A cross-sectional area a t  t e s t  sect ion 

4, cross-sectional a rea  at s t r e s s  r a i s e r  ( thread root  or shoulder) 

m A / A ~ ~ ,  a constant f o r  a given specimen configuration 

Localized t o t a l  s t r a i n  range at t h e  s t r e s s  r a i s e r  AcAr 
approximately equal t o  the  e l a s t i c a l l y  computed s t r a i n  range a t  t h i s  point m u l t i -  
p l ied  by t h e  e l a s t i c  s t r e s s  concentration f a c t o r  k. This i s  a commonly used as- 
sumption t h a t  i s  s u f f i c i e n t l y  accurate f o r  t h e  present purpose. The t o t a l  s t r a i n  
range at t h e  s t r e s s  r a i s e r  can then be r e l a t e d  t o  t h e  e l a s t i c  s t r a i n  range 
at t h e  t e s t  sect ion A&: 

i s  assumed t o  be 

Acir = 

where C i s  a constant equal t o  lan. 

If C i s  less than unity,  the  t o t a l  s t r a i n  range a t  t h e  s t r e s s  r a i s e r  i s  
l e s s  than t h e  e l a s t i c  s t r a i n  range at t h e  t e s t  sect ion and therefore  must be l e s s  
than t h e  t o t a l  s t r a i n  range at t h e  tes t  section. Consequently, f o r  C < 1, fai l -  
ure  must occur at t h e  t e s t  section. When C i s  greater  than unity,  t h e  t o t a l  
s t r a i n  range at  t h e  s t r e s s  r a i s e r  i s  greater  than t h e  e l a s t i c  s t r a i n  range a t  t h e  
tes t  section, and therefore  may or may not be grea te r  than t h e  t o t a l  s t r a i n  range 
a t  t h e  t e s t  section. Location of f a i l u r e  i s  dependent upon which of these t o t a l  
s t r a i n  ranges i s  t h e  larger .  For t h i s  l a t t e r  case consider f i g u r e  1 2 ,  which pre- 
sen ts  e l a s t i c  and t o t a l  s t r a i n  range as a function of l i f e  f o r  AIS1 52100 steel. 
A dotted l i n e  i s  drawn p a r a l l e l  t o  t h e  e l a s t i c  s t r a i n  range l i n e  but i s  v e r t i -  
c a l l y  displaced by t h e  f a c t o r  
t o t a l  s t r a i n  a t  t h e  thread root  = 1.5 This l i n e  i n t e r s e c t s  t h e  t e s t -  
sect ion t o t a l  s t r a i n  range l i n e  at 700 cycles. For l i v e s  l e s s  than 700 cycles,  
A E ~  i s  greater  than 
t i o n .  For l i v e s  greater  than 700 cycles, i s  greater  than Ac2, and f r a c -  
t u r e  should take  place at t h e  notch. Qualitatively,  t h i s  i s  t h e  type of behavior 
t h a t  was observed i n  t h e  abovementioned materials.  

C = 1.5 t o  represent a hypothetical  loca l ized  

consequently, f a i l u r e  i s  expected at t h e  tes t  sec- 

These s t r a i n - l i f e  r e l a t i o n s  can be used f u r t h e r  t o  make comparisons of t h e  
r e l a t i v e  notch s e n s i t i v i t i e s  of all t e s t  materials.  An ef fec t ive  way of doing 
t h i s  i s  t o  compase c h a r a c t e r i s t i c  s t r a i n  r a t i o  curves i n  which t h e  r a t i o  of t o t a l  
s t r a i n  range divided by e l a s t i c  s t r a i n  range at t h e  t e s t  sect ion 
ta ined  from t h e  s t r a i n - l i f e  t e s t  da ta )  i s  p lo t ted  against  
done i n  f igure  13 f o r  t h e  three  mater ia ls  t e s t e d  i n  t h e  threaded-head configura- 
t i o n .  Now, whenever t h e  t o t a l  s t r a i n  at  t h e  s t r e s s  r a i s e r  i s  l e s s  than t h a t  at 
t h e  t e s t  section, failure should occur a t  t h e  t e s t  section. I n  other words, i f  
A E A ~ / A E ~ ~  = C 

Ac1/&kl (ob- 
log  N f ,  as has been 

i s  l e s s  than t h e  c h a r a c t e r i s t i c  s t r a i n  r a t i o  AEZ/AE~~, f a i l u r e  
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takes  place at the  t e s t  section; if  C i s  greater  than the  c h a r a c t e r i s t i c  s t r a i n  
r a t i o ,  f a i l u r e  takes place at t h e  stress r a i s e r .  As a n  example, consider again 

s t r e s s  r a i s e r  i s  L t i m e s  the  e l a s t i c  s t r a i n  range a t  t h e  t e s t  section. The or- 

dinate on t h e  right side of t h e  graph i s  used t o  represent AE~~/AEA~ = C y  which, 
f o r  a spec i f ic  specimen geometry, i s  a f ixed  value independent of 
dashed l i n e  at C = 1.5 i n t e r s e c t s  the  s t r a i n  r a t i o  - l i f e  curve of AISI 52100 
s t e e l  at about 700 cycles. 
l e s s  than 700 cycles,  it should take place i n  the  t e s t  sect ion because i s  
greater  than Ackr i n  t h i s  l i f e  region. I f  f a i l u r e  occurs at more than 700 cy- 
c l e s ,  it should take place at t h e  stress r a i s e r  since A€Ar exceeds A . E ~  i n  
t h i s  region. 
17,000 cycles f o r  AISI 4130 ( s o f t ) .  The value of l i f e  at which t h i s  t r a n s i t i o n  
from t es t - sec t ion  t o  s t ress-raiser- type f a i l u r e  occurs i s  then a measure of fa- 
t igue  notch s e n s i t i v i t y .  Notch s e n s i t i v i t y  decreases with increasing values of 
" t ransi t ion" l i f e .  

I t h e  hypothetical  case where C = 1.5; t h a t  i s ,  t h e  t o t a l  s t r a i n  range at the  
1 
2 

Nf .  The 

If f a i l u r e  i s  t o  occur anywhere i n  t h e  specimen at 
Ae2 

This in te rcept  occurs at about 7000 cycles f o r  AISI 4130 (hard) and 

These c h a r a c t e r i s t i c  s t r a i n  r a t i o  curves indicate  t h a t  AISI 52100 would be 
more notch sens i t ive  than AISI 4130 (hard), which i n  t u r n  i s  more notch sens i t ive  
than AISI 4130 ( s o f t )  regardless  of 
other.  Tests r e s u l t s  f o r  t h e  standard 0.25-inch-diameter t e s t  sect ion substant i -  
a t e  t h i s  observation. 
225 f o r  AISI 52100 s t e e l  and 15,500 f o r  AISI 4130 (hard). 
took place i n  AISI 4130 ( s o f t )  even f o r  fa t igue  l i v e s  exceeding one mil l ion cy- 
c les .  Similar c h a r a c t e r i s t i c  s t r a i n  r a t i o  comparisons ( f i g .  14) f o r  t h e  mate- 
rials t e s t e d  i n  t h e  buttonhead configuration indicate  f o r  
nontest-section failures should occur at t h e  lowest l i f e  f o r  AM 350 (hard)  and 
next lowest l i f e  f o r  titanium. Experiment indicated buttonhead failures i n  as 
few as 23,200 cycles f o r  AM 350 (hard)  and 192,000 cycles f o r  titanium. No such 
f a i l u r e s  developed i n  t h e  other mater ia ls .  

C y  since t h e  curves do not cross one an- 

The l e a s t  number of cycles causing a thread f a i l u r e  w a s  
No thread f a i l u r e s  

1 < C < 1 . 2  t h a t  

A m o r e  quant i ta t ive appl icat ion of t h i s  analysis  could not be accurately ap- 
p l ied  t o  these d a t a  f o r  several  reasons. F i r s t ,  t h e  value of stress concentra- 
t i o n  f a c t o r  k i s  not accurately known. Romk ( r e f .  11) quotes k f o r  similar 
configurations; however, he does not give t h e  values f o r  geometries as severe as 
those used. Second, t h i s  method of analysis  should be useful  f o r  the  predict ion 
of the  i n i t i a t i o n  of a fa t igue  crack at t h e  s t r e s s  r a i s e r ,  but not necessar i ly  
f o r  the  predict ion of complete separation of the  e n t i r e  specimen cross section. 
Crack propagation may have an appreciable e f fec t  upon l i f e ,  depending upon the  
duration of t h e  macrostage of crack growth (ref. 1 2 ,  pp. 22-25). The appearance 
of tes t - sec t ion  f r a c t u r e  surfaces indicated that t h e  s i z e  of the  fat igued area 
w a s  less f o r  high-yield-strength mater ia ls  than f o r  low; a l s o  the  fat igued area 
f o r  a given mater ia l  tended t o  be l e s s  at high s t r a i n  l e v e l s  than at low leve ls .  
The quant i ta t ive analysis  can be p a r t i c u l a r l y  d i f f i c u l t  when C i s  close t o  
uni ty  f o r  these  reasons and other reasons such as t h e  uncertainty i n  the  
A E ~ / A E ~ ~  r a t i o  and t h e  mater ia l  e f f e c t  upon t h e  k value. 
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CONCLUSIONS 

The following conclusions are based upon extensive s t ra in-cycl ing t e s t s  
about a zero mean s t r a i n  and apply t o  AISI 4130 ( s o f t  and hard condi t ions) ,  
AISI 4340 (annealed and hard),  AISI 52100 (hard) ,  AISI 304 ELC (annealed and 
hard),  AISI 310 (annealed), AM 350 (annealed and hard) ,  Inconel X, t i t a n i u m  
( 6 ~ - 4 v ) ,  2014-~6, r.456-~311, and 1100 aluminum, and beryllium mater ia ls :  

1. The cyc l ic  s t r e s s - s t r a in  r e l a t ions  have been establ ished and are shown t o  
be subs tan t ia l ly  d i f fe ren t  from the  v i rg in  t e n s i l e  da ta  i n  many instances.  

2.  These r e l a t i o n s  a re  based upon the  general  observation t h a t  t h e  stress 
range, following t h e  i n i t i a l  period i n  which cycl ic  s t r a i n  hardening o r  softening 
occurred, remains r e l a t i v e l y  unchanged throughout t he  majority of t he  specimen 
l i f e .  

3. A fa i r  cor re ia t ion  was obtained between t h e  degree of cyc l ic  s t r a i n  hard- 
ening and softening and t h e  r a t i o  of ult imate s t rength over y i e ld  s t rength.  
Hardening always took place when t h i s  r a t i o  exceeded 1 .4 ,  and the  softening oc- 
curred when t h e  r a t i o  was  l e s s  than 1 . 2 .  

4. The l i f e  r e l a t i o n  between e l a s t i c ,  p l a s t i c ,  and t o t a l  s t r a i n  components 
has been establ ished.  S t ra ight - l ine  f i t s  of t h e  logarithmic e l a s t i c  s t r a i n - l i f e  
and p l a s t i c  s t r a i n - l i f e  data ,  when summed together ,  provide good agreement with 
t h e  t o t a l  s t r a i n  range - l i f e  data  f o r  metal lurgical ly  s t ab le  materials. 

5. The t e s t  data can be used t o  evaluate relative performance of a l l  t e s t  
mater ia ls  both on a s t r a i n  range and stress range bas i s  over a l i f e  span of a few 
cycles up t o  one mi l l ion  cycles.  

6. I n  general ,  t h e  mater ia ls  with t h e  b e t t e r  t o t a l  strain-absorbing capacity 
at low l i f e  (100 cycles or l e s s )  were among t h e  poorest at high l i f e  (100,000 cy- 
c l e s  o r  more). 
t i r e  l i f e  span, was an exception t o  t h i s  behavior. 

Titanium (6Al-4V), which had good performance throughout t he  en- 

7. "he s t r a i n - l i f e  r e l a t ions  can be used t o  explain t h e  changes i n  suscepti-  
b i l i t y  t o  s t r e s s  concentrations over a la rge  l i f e  span and t o  rate co r rec t ly  t h e  
r e l a t i v e  notch s e n s i t i v i t i e s  of t h e  four  t e s t  mater ia ls  t h a t  experienced nontest- 
sect ion f a i l u r e s  i n  comparison with t h e  other t e s t  mater ia ls .  

Lewis Research Center 
National Aeronautics and Space Administration 

Cleveland, Ohio, October 10, 1962 



APPENDIX A 

SYMBOLS 

A cross-sect ional  a r ea  of t e s t  sect ion,  sq in .  

C dimensionless constant 

E 

k s t r e s s  concentration f a c t o r  

m a rea  r a t i o  

N number of cycles 

modulus of e l a s t i c i t y ,  lb/sq in.  

number of cycles t o  f a i l u r e  Nf 

AP load range, l b  

E s t r a i n ,  in .  /in. 

AE s t r a i n  range, i n .  /in. 

P Poisson's r a t i o  

0 s t r e s s ,  lb/sq in .  

Ao s t r e s s  range, lb / sq  in .  

Subscripts : 

a amplitude 

e2 e l a s t i c  component of t o t a l  s t r a i n  

f f r a c t  w e  

m a x  maximum value during a fa t igue  cycle 

min minimum value during a fa t igue  cycle 

! P  p l a s t i c  component of t o t a l  s t r a i n  

sr at s t r e s s  r a i s e r  

U u l t  imat e 

' ys 0.2-percent o f f s e t  y i e ld  s t rength 
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Superscripts: 

d diametral 

2 longitudinal 

18 



PRECAUTIONS TAKEN DURING BERYLTJIUM TESTING 

Sample source 

Air f i l t e r  
Test specimen ( f rac tured  portion 

and shoulders) 
Rubber pad beneath cylinder 
Inside surfaces of p l a s t i c  cylinder 
Lubriplate as it comes from supply 

can 

Since beryllium p a r t i c l e s  ingested i n t o  t h e  body or deposited i n t o  open 
wounds a r e  known t o  be tox ic ,  spec ia l  precautions were taken during beryllium 
t e s t i n g  t o  prevent dispers ion of such dust p a r t i c l e s  i n t o  t h e  test-room atmos- 
phere. 
sect ion f a i l u r e  i s  due t o  f r e t t i n g  t h a t  can take place between t h e  specimen 
alinement shoulders and the  spli t-cone gr ips .  To minimize the  chances of devel- 
oping airborne p a r t i c l e s  from these sources, the  specimen was  thoroughly coated 
with Lubriplate grease. Figure 15 i l l u s t r a t e s  the  enclosure b u i l t  around t h e  
specimen assembly and used t o  f u r t h e r  prevent beryllium dust p a r t i c l e s  from en- 
t e r i n g  t h e  atmosphere. The enclosure was  made of a longi tudinal ly  s p l i t  p l a s t i c  
cylinder,  8 inches i n  outs ide diameter by 13 inches long by 1/4 inch th ick ,  
sealed at both ends with l /X-inch-thick sheet rubber. Two diametr ical ly  oppo- 

s i t e  1-inch-diameter holes i n  the  p l a s t i c  were provided f o r  t h e  passage of in -  

take air i n t o  t h e  chamber and for straight-through s ight ing of t h e  Tuckerman gage 

with t h e  autocollimator. Another 1-inch-diameter hole near the  base of t h e  cy- 

l i n d e r  served as an air exhaust port  by the  attachment of a vacuum cleaner hose. 
Exhaust air  was  f i l t e r e d  with Hollinsworth and Boss number 70 f i l t e r  paper. The 
vacuum cleaner was operated continuously throughout the  t e s t  and during disassem- 
b l y  of the  f rac tured  specimen at an approximate flow r a t e  of 0.05 cubic meter per 
minute. 
taking strain-gage readings, disassembling the  apparatus, and washing down t e s t  
specimen, gr ips ,  p l a s t i c  cylinders,  rubber s e a l s ,  and so f o r t h ,  a f t e r  t h e  t e s t .  
A r e s p i r a t o r  w a s  worn together with rubber gloves and a laboratory coat. 

One l i k e l y  source of beryllium dust i n  addition t o  t h a t  caused by t e s t -  

1 
2 

1 
2 

Test operators wore protect ive clothing while assembling t h e  setup, 

Be content , 
micrograms /s ample 

<o. 1 
15.00 

3.5 
.30 
-15 

I n  order t o  obtain da ta  t h a t  might be used t o  evaluate the  degree of hazard 
involved, emission spectrographic analyses of air f i l t e r  and smear swabs taken 
from various par ts  of t h e  apparatus w e r e  m a d e  following a fa t igue  t e s t  of about 
1 3 l T h o u r  duration (1376 cycles) .  Whatman number 41H f i l t e r  paper disks  about 2- 16 

inch i n  diameter were used f o r  the  swabs. Results of t h e  arlalysis made by a com- 
mercial  spectrographic company, which reported a s e n s i t i v i t y  of 0.01 microgram of 
beryllium, a r e  t h e  following: 

19 



The amount of beryllium trapped out from t h e  exhausted air i s  low, and, with 
fu r the r  subs tan t ia t ing  data ,  might ind ica te  t h a t  t he  r e sp i r a to r  and specimen en- 
closure i s  not necessary. The greater  amounts of apparently l a rge r  beryllium 
p a r t i c l e s  found on the  greased specimen and t h e  rubber pad suggest t h a t  a ca re fu l  
cleanup a f t e r  each t e s t  i s  desirable .  
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TABLE 111. - SUMMARY OF TEST DATA AND STRAIN 

CALCULATIONS FOR EACH TEST SPECIMEN 
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TABLE 111. - CONTINUED. SUMMARY O F  TEST DATA AND STRAIN 

CALCULATIONS FOR EACH TEST SPECImN 
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TABLE 111. - CONTINUED. SUMMARY OF TEST DATA AND STRAIN 

CALCULATIONS FOR EACH TEST SPECIMEN 
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0.2233 
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,0589 
,0353 
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326 188 
313 453 

281 1,470 
216 ~ 11,800 
175 37.000 

.0055 
,0042 
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.0030 
,0029 

,0051 
0 
0 
0 
0 

0 
0 
0 
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.0498 
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.0019 
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,0002 
0 
0 

0 
0 
0 
0 

0.1816 
,1250 
,0653 
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147 
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127 

0.0055 0.0825 
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,0249 
,0093 
,0038 

4 
10 
42 
203 
608 

1,610 
1,980 
4,180 
61,700 
95,550 

229,000 
285,000 
394,000 
418,000 

,0328 
,0203 

,0048 1 ,0117 117 
117 
107 
72 
52 

,0009 
,0009 
,0001 
0 
0 ,0030 

.0062 
,0066 
,0058  
,0058 

0 
0 
0 
0 

.0020 

.0022 
,0019 
,0015 

62 
67 
58 
58 

156-H311 alum 

0.0600 
,0520 
,0300 
,0140 
,0080 

138 
133 
127 
118 
111 

100 
88 
72 
65 
59 

52 
47 
44 
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12 
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175 
494 
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22,800 
65,100 
50,300 

130,000 
366,000 
917,000 

0.0554 
,0476 
,0258 
,0101 
.0044 

,0015 
0 
0 
0 
0 

0 
0 
0 

0.013E 
,01321 
,012 ' 
.01111 
.0110 

.0100 
,008 7 
.007 I 
,006 > 
,005 9 

. ooe 2 
,004 7 
,004 4 

0.1109 
,0952 
.0516 
.0202 
,0087 

,0030 
0 
0 
0 
0 

0 
0 
0 

0.1247 
,1085 
,0643 
,0320 
,0198 

0.0046 
,0044 
,0042 
,0039 
,0036 

.0033 

.0029 

.0024 
,0021 
,0019 

,0130 
,0087 
,0072 
,0065 
,0059 

,0052 
,0047 
.0044 

,0017 
,0015 
,0015 

,0016 
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2 
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27 
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0.00.57 . 00 17 . 00 12 
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.0(18 
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.0015 
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.0')15 
.OJ14 
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,0010 
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TABI;E IV. - Q ~ I ~ T I V E  I'dEASuRE OF CYCLIC 

STFKCN HARDENING AND SOFTEXDJG 

Material 

AISI 4130 (hard)  
AISI 4340 (annealed) 
AISI 4340 (hard) 
1100 aluminum 
AIS1 52100 
AISI 4130 ( s o f t )  
Ti tanium (6Al-4V) 
AM 350 (hard) 
2014-T6 aluminum 

AISI 304 ELC (hard) 
Beryllium 
Inconel X 
5456-H311 aluminum 
AISI 310 (annealed) 
AM 350 (annealed) 
AISI 304 ELC (annealed) 

Rat io  of stress t o  produce 1-percent 
s t r a i n  after s t r a i n  cycling t o  
t h a t  for t h e  v i rg in  material 

.64 
-68 
.72 

.89 

.90 

> Cyclic s t r a i n  
s o f t  ening 

Cyclic s t r a i n  
1.61 hardening 
2.42 
2-90 



TABLE VI - DIAMETRAL STFUN RANGE RATINGS OF MATEFUALS FOR 

FATIGUE UVES OF 100, 3000, AND 100,000 CYCLES 

Material 

1100 aluminum 
AISI 4130 ( s o f t )  
Titanium (6Al-4V) 
AISI 4340 (annealed) 
AISI 4130 (hard) 

AISI 310 (annealed) 
AISI 4340 (hard)  
Inconel X 
AISI 304 ELC (hard)  
AISI 304 ELC (annealed) 

2014-T6 aluminum 
5456-H311 aluminum 
AIS1 52100 
AM 350 (hard)  
AM 350 (annealed) 

Nf = 100 

0.050 
.036 
.033 
.030 
.030 

.029 

.028 

.027 

.025 

.021 

.020 

.019 

.014 

.012 

.009 

Rank 

1 
2 
3 
4 
4 

6 
7 
8 
9 
10 

11 
12 
13 
14 
15 

Nf = 3000 

0.0048 
.0052 
.0062 
.0054 
.0050 

.0056 

.0056 

.0051 

.0052 

.0037 

.0040 

.0039 

.0042 

.0041 

-00-16 

Rank 

9 
5 
1 
4 
8 

2 
2 
7 
5 
15 

13 
14 
10 
11 
12 

Nf = 100,000 

0.0010 
.0014 
.002 6 
.0017 
.0016 

.00138 

.0018 

.0014 

.0023 

.0022 

.0021 

.0017 

.0020 

.0026 

.0028 

15 
12 
2 
9 
11 

14 
8 
12 
4 
5 

6 
9 
7 
2 
1 

30 



TABLE V I -  - STriESS RANGE RATINGS OF I”IAEIIIALS FOR FATIGUE 

Aa, 
ks i 

330 
321 
246 
261 
248 

241 
236 
18 9 
223 
173 

143 
120 
123 
95 
81 
1% 

LIVES OF 100, 3000, AND 100,000 CYCLES 

Rank 

1 
2 
5 
3 
4 

6 
7 
9 
8 
10 

11 
13 
12 
14 
15 
16 

Mzterial  

A.M 350 (hard) 
AIS1 52100 
AM 350 (annealed) 
AISI 4340 (hard) 
Inconel X 

Titanium (6Al-4V) 
AIS1 304 ELC (hard)  
AISI 304 ELC (annealed) 
AISI 4130 (hard) 
AISI 4130 ( s o f t )  

AISI 4340 (annealed) 
AISI 310 (annealed) 
2014-T6 aluminum 
5456-H311 aluminum 
Beryllium 
1100 aluminum 

Ne = 100 
I 

no, 
ks i 

510 
469 
42 6 
354 
353 

327 
325 
311 
2 93 
2 52 

213 
213 
144 
122 
102 

29 

Rank 

1 
2 
3 
4 
5 

6 
7 
8 
9 
10 

11 
12 
13 
14 
15 
16 

N p  = 100,000 
J. 

n o  9 
ks i 

202 
2 53 
14% 
18 9 
155 

155 
145 
105 

150 

112 
72 
72 
58 
64 
15 

178 

Rank 

2 
1 
a 
3 
5 

6 
9 
11 
4 
7 

10 
12 
13 
15 
14 
16 

Density , 
lb /cu  i n  

0.30 
.30 
.30 
.30 
.30 

.16 

.30 

.30 

.30 

.30 

.30 

.30 

.10 

.10 

.07 

.10 
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/0.02-0.03 Rad. 

I I  \ ' ~ 0 . 2 5  I, 
40.3& \ D i m .  '-0.50 Dim. 

1.5 Rad. 

( a )  Buttonhead fa t igue  specimen. 

"-0.25 D i a m .  '\Lo.47 Dim. I 
I 
~1/2" - 20 NF-3 

2.0 Rad. 

( b  ) Threaded-head fa t igue  spec k e n .  

E : :El 1 
0.75 

'L 0.25 Diam. 
-0.50 D i m .  

( e )  Specimen used f o r  moduli determinations and 
b e r y l l i u m  fa-tigue t e s t s .  

Figure 1. - Test specimen configurations.  (All diqen- 
sions i n  inches. ) 
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(a) Horizontal view of assembly during t e s t .  

Figure 3. - Diametral strain-gage f i x t u r e .  
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(b )  Ver t ica l  view of assembly after specimen f a i l u r e .  

Figure 3. - Concluded. Diametral strain-gage f ix tu re .  
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- -  
0 .01 .02 .03 .04 114 loo lo1 10’ lo3 lo4 

Strain amplitude Cycles 

(a) Static and cyclic stress- (b) Stress range as a f’unction 
strain characteristics. of applied cycles, logarithmic 

scale for cycles. 

Figure 5. - Static and cyclic stress characteristics of a hypo- 
thetical cyclic strain hardening material. 
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Figure 6. - Hypothetical a x i a l  stress - diametral  s t r a i n  r e l a t i o n  during 
s t r a i n  cycl ing i n  which mean strain is  zero. 
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( c )  AISI 4340 ( a n n e a l e d ) .  (d) AISI 4340 (hard). 

Figure  9 .  - E l a s t i c ,  p l a s t i c ,  and t o t a l  s t r a i n  range v a r i a t i o n s  with c y c l i c  l i f e .  
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F igure  9 .  - Continued. E l a s t i c ,  p l a s t i c ,  and t o t a l  s t r a i n  range v a r i a t i o n s  wlth c y c l i c  life. 
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Figure 9 .  - Concluded. E l a s t l c ,  p l a s t i c ,  and t o t a l  s t r a i n  range variations wlth c y c l i c  l i f e .  

50 



51 



52 



.\ 

rl E 
*!-i 
d 
k 

0 
Q 

rn 
a, 
r-l 
V 
h u 

a, 
k 
.d 
r i  

1 
F: 
.d 
cd 
k 
Q 
m 

53 



N 
0 
ri 

d 
0 
d > 

0 
d 

i+ 
0 
d 

k 
z 

a, 
k 
3 
d 
rl 

k 

0 0  
r ic, 

m 
a, 
ri 
0 
h u 

. 

N 
0 
rl 

d 
0 
d 

0 
m 
c 
d 
m 
bo m 
0 
rl 
c, 
m 
L 

c 
d 
cd 

c, 
m 
x 
P 

P 
c, 
m 
0 
rl a c 
d 

m 
m 
m 

5 
d 
0 
a, 
a 
m 

a 
a 
a, 
k s 
k 
0 

k 

d 

Ld 
G 
P 

h 
c, 
4 > 
d 
+I 
d 
m 
% 

5 
c, 
0 
c 
a, > 
rl 
c, 
m 
d 
a, 
E .  

rn 
l a ,  > 
. L  

to3  
d o  

a,@ 
Fib 
3-d 
bod 

Fr, 
d 

54 



rl 
0 rl 

(u 

0 rl 

r. 
0 r( 

0 
0 rl 

m u 
E 
2 
(u 

L A  
d d 

c, v1 

c d 
M 

0 
d u 
m 

c d 
& c, 
m 
h 
D 

a 
c, 
m 0 

rl d 

d 

m 
m 

55 



56 

Figure 15. - Protective assembly for testing beryllium. 


